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SUMMARY AND INTRODUCTION 
This  r epor t  p resents  r e s u l t s  of s tud ie s  i n  which pa th  capture  concepts were 
simulated and evaluated using the  Microwave Landing System (MLS). The work 
w a s  performed as a p a r t  of t he  Advanced Transport  A i r c r a f t  Operating System 
(ATOPS) con t r ac t ,  j o i n t l y  sponsored by NASA and the  FAA. Previous MLS guid- 
ance s t u d i e s  (References 1 and 2)  have provided simulated pa th  t r ack ing  da ta  
on landing us ing  complex approach paths ,  and on p rec i s ion  depar tures  and mis- 
sed approaches. The present  study considers  t he  a i r c r a f t  a t  t he  end of vec- 
t o r i n g  and provides methods of captur ing MLS f i n a l  approach paths. These cap- 
t u r e  concepts are based on c e r t a i n  in t e rcep t ion  techniques s i m i l a r  t o  those 
descr ibed i n  References 3 and 4. Simulation of t hese  concepts were made using 
t h e  MD-80 a i r c r a f t  as the  study model. 
Consideration w a s  given t o  a bas ic  system cons i s t ing  of t h e  MLS rece ive r  wi th  
some computational capab i l i t y ,  but not requi r ing  a waypoint database o r  a f u l l -  
up pa th  computer. Such a system could be used t o  implement an enhanced ILS 
look-alike capture  of t h e  extended runway cen te r l ine .  Better capture  and 
t r ack ing  (both l a t e r a l l y  and v e r t i c a l l y )  are r e a l i z e d  over e x i s t i n g  ILS  pro- 
cedures. It may be poss ib l e  t h a t  such a system could be r e t r o f i t t e d  i n t o  
e x i s t i n g  a i r c r a f t  without t he  need of a f l i g h t  management system. 
To remove t h e  r e s t r i c t i o n  of cen te r l ine  captures  only,  more complete systems 
were considered t h a t  use  a pa th  computer. This computer allowed "smart" cap- 
t u r e s  wi th  lateral  and v e r t i c a l  path con t ro l  over t h e  e n t i r e  MLS coverage vol- 
ume. These "smart" capture  concepts were in t eg ra t ed  i n t o  t h e  guidance l a w s  
previously developed (Reference 1). The bas i c  idea  w a s  t o  use t h e  a i r c r a f t  
p resent  pos i t i on  a t  t h e  t i m e  of capture  engage as an i n i t i a l  waypoint, which 
r e su l t ed  i n  a smooth capture  of t he  des i red  la teral  and v e r t i c a l  paths.  
This r epor t  descr ibes  each of t he  capture  concepts s tud ied ,  then d iscusses  
s imulat ion r e s u l t s  f o r  s eve ra l  lateral and v e r t i c a l  captures.  Path devia t ions  
are presented wi th  MLS noise ,  s teady winds, turbulence,  and i n  some s i t u a t i o n s  
when a speed reduct ion and configurat ion change take  p lace  during t h e  capture.  
1 
RECOMMENDATIONS FOR FOLLOW-ON ACTIVITY 
Simulator experiments with a p i l o t  i n  t he  loop are recommended as follow-on 
a c t i v i t i e s  t o  t h e  present  study. Tasks i n  t h e  proposed s tudy would include:  
- Preparing a real-time program f o r  t he  s imulator  t h a t  include lateral  
and v e r t i c a l  guidance laws and capture  algorithms. 
- Providing seve ra l  d i f f e r e n t  equipment complements, ranging from a 
minimum system t o  a full-up system wi th  f l i g h t  management system and 
CRT d isp lays .  
- Performing experiments on the  s imulator  t h a t  involve complex lateral  
and v e r t i c a l  approaches, and path captures .  Emphasis would be placed 
on eva lua t ing  the  guidance l a w s  based on p i l o t  a b i l i t y  t o  perform 
given tasks .  
3 
FORMULATION OF ENHANCED ILS LOOK-ALIKE CAPTURES 
This concept does not  r equ i r e  a f u l l - u p  path computer f o r  i t s  operation. How- 
ever ,  t h i s  enhanced ILS look-alike capture  concept provides an improvement 
l 
I over e x i s t i n g  ILS l o c a l i z e r  and g l ides lope  captures.  
Equations f o r  t h i s  concept may be derived by f i r s t  consider ing the  complete 
geometry of Figure 1. Pos i t i on  coordinates  from t h i s  f i g u r e  are found t o  be: 
AZ yM = s i n  8 
% =  b - [ b  2 - 121’” 
2 
where: b = x cos eEL D 
l 2  2 + s in  ‘EL [-yM ’E 
5 
A lateral  s t e e r i n g  s i g n a l ,  @,,, is  computed from t h e  above y-poei t ion  va r i -  
a b l e  and a rate term, A i ,  derived using a complementary f i l t e r  (See Reference 
1). Thus, 
, 
I  Ay = complementary f i l t e r  
At MLS engage, 
I 
Capture starts when 
K1 Ay + K2 Ay changes s ign 
where: K1 = 0.045 
K2 = 0.5 
During capture  and t r ack ,  t he  s t e e r i n g  s i g n a l  is  computed from 
-(K1 Ay + K2 Ay) 
+STR= 
A v e r t i c a l  s t e e r i n g  s i g n a l ,  eSTR, i s  computed i n  a similar manner. 
7 
A 3 degree g l ides lope  angle  w a s  assumed f o r  t h e  present  s tudy,  but t h i s  angle  
could be se l ec t ab le .  Between MLS engage and lateral  capture ,  t h e  r o l l  steer- 
i n g  signal is zero. During capture  and t r ack ,  t h e  s t e e r i n g  signal is l imi t ed  
t o  an a r b i t r a r y  25 degrees. Only a s i n g l e  pi tchover  t o  the  des i red  g l ides lope  
' 
I 
i is  made and no segmented g l ides lope  approaches are possible .  Also, t he  air- 
c r a f t  course must i n t e r s e c t  t he  extended runway c e n t e r l i n e  a t  MLS engage (an 
example i s  shown i n  Figure 4), and t h e  a i r c r a f t  must be below the  des i red  
g l ides lope  (captures  from above are not  possible) .  Under these  assumptions, 
t h e  enhanced ILS look-alike concept provides improved pa th  t racking  over t h e  
conventional ILS approaches. 
I 
, FORMULATION OF LATERAL PATH CONTKOL 
Three types of la teral  pa th  captures  were studied. The f i r s t  w a s  an extended 
runway c e n t e r l i n e  capture ,  the  second a path capture ,  and t h e  t h i r d  a waypoint 
capture.  An example of a lateral  path as def ined by a set of waypoints i s  
shown i n  Figure 5. The numbered po in t s  shown def ine  t h e  t u r n  po in t s  where t h e  
t u r n  begins,  and t h e  r o l l  out  po in ts  where the  t u r n  is  completed. The r a d i i  
for t hese  t u r n s  are computed based on a nominal (no wind) bank angle  and t h e  
a i r c r a f t  ground speed. The a c t u a l  bank angle  w i l l  d i f f e r  from the  nominal 
angle  when winds are present .  The nominal bank angle  has been chosen so t h e  
a c t u a l  angle  required f o r  t h e  tu rn  does not exceed 15 degrees i n  extreme wind 
conditions.  
The t u r n  and r o l l  out  po in t s  have been used i n  previous MLS s t u d i e s  (Reference 
1 and 2) f o r  landings,  t akeof f s ,  and missed approaches. The present  s tudy 
uses  these  po in t s  as re ferences  t o  e s t a b l i s h  a capture  pa th  so an i n t e r c e p t  
may be made from an a r b i t r a r y  s t a r t i n g  point.  
I 
I 
~ 
1 
I 
9 
Captures cannot occur when t h e  a i r c r a f t  i s  too  c lose  t o  an e x i s t i n g  waypoint 
(Figure 8 ( B ) ) .  The a i r c r a f t  could not complete the  capture  t u r n  before begin- 
ning t h e  next t u r n  a t  t u r n  poin t  5. A s  i n  t h e  f i r s t  case, a message iden t i fy -  
i n g  the  s i t u a t i o n  would be i ssued  and no capture  would be attempted. 
1 
2. Specif ied Course Capture , 
I 
I 
Capture of a pa th  i s  des i red  from a spec i f i ed  course angle  t h a t  i s  d i f f e r e n t  
than the  a i r c r a f t  present  course. Figure 9 ( A )  shows t h i s  s i t u a t i o n .  Way- 
po in t s  WP4 and WP5 are not unique, s ince  they could be loca ted  a t  many d i f f e r -  
e n t  po in t s  along the  present  course path. Waypoint 5 is  chosen such t h a t  t u r n  
a n t i c i p a t i o n  f o r  t h e  f i r s t  t u r n  would start a t  WP6 ( t h e  poin t  of capture  en- 
gage). Previous s t u d i e s  have ind ica ted  a 4 second lead  g ives  s a t i s f a c t o r y  
a n t i c i p a t i o n  f o r  t h e  turn.  Once WP4 and wP5 are f ixed ,  t he  t u r n  and r o l l  out  
po in t s  are computed. Capture then begins, which c o n s i s t s  of two t u r n s  separ- 
a t e d  by a s t r a i g h t  leg. 
I n  some ins t ances ,  t h e  i n i t i a l  pos i t i on  of t h e  a i r c r a f t  would not permit a 
path capture  a t  the  spec i f i ed  i n t e r c e p t  angle. I n  Figure 9 ( B ) ,  WP5 i s  select- 
ed so  r o l l  out  po in t  5 and t u r n  point  6 are coincident.  I n  t h i s  way, a smooth 
t r a n s i t i o n  t o  the  des i red  path i s  accomplished by an S turn.  
There are cases when the  a i r c r a f t  i s  too c lose  t o  t h e  pa th  f o r  a t u r n  t o  be 
completed before beginning the next turn.  Figure 10 i l lust rates  t h i s  s i t u a -  
t i o n ,  where t u r n  poin t  7 would occur before r o l l  out  po in t  8. The algori thm 
does not a l low execut ing a capture  i n  such cases. 
Waypoint Capture 
A waypoint capture  d i f f e r s  from a path capture  i n  t h a t  t h e  i n t e r c e p t  i s  bet-  
ween t h e  present  a i r c r a f t  pos i t i on  and a designated poin t  from an e s t ab l i shed  
waypoint database. This point- to-point  type of capture  can be made between 
almost any two poin ts  i n  space. The capture  is  accomplished by cons t ruc t ing  a 
t u r n  circle a t  t h e  present  pos i t i on  and tangent t o  t h e  course l i n e ,  and a 
11 
In Figure 13(B), the aircraft pitches up to  intercept the glidepath just be- 
fore point 5. The algorithm computes a l l  parameters necessary for the cap- 
ture, and issues a message i f  the i n i t i a l  glidepath angle would be too large. 
13 
l o c a l i z e r  and g l ides lope  beams of ILS. This f a c t  allows t h e  enhanced ILS look 
a l i k e  algori thm t o  work wi th  pos i t i on  and rate signals f o r  a longer  t i m e  than 
conventional ILS. Second, t he  range from the  p rec i s ion  DMJ3 is more accura te  
than t h e  range es t imator  used by t h e  ILS. And f i n a l l y ,  a d i f f e r e n t  set of 
gains  on Ay and Ay were used as compared t o  TLS. These gains  remained con- 
s t a n t  i n  the  s imulat ion of t he  enhanced system. 1 
A t i m e  h i s t o r y  of t he  bank angle  is shown i n  Figure 18. An a r b i t r a r y  bank 
command l i m i t  of 25 degrees w a s  appl ied t o  the  s t e e r i n g  signal, Equation (1). 
This  l i m i t  i s  necessary s ince  a t  MLS engage t h e  s t e e r i n g  signal would be very 
large.  During t h i s  limit period,  la teral  guidance is heading hold. The peak 
bank angle  a t t a i n e d  f o r  t h i s  case is seen t o  be less than 20 degrees. The 
p i t c h  t i m e  h i s t o r y  i s  given i n  Figure 19. Here, t he  pi tchover  t o  a -3 degree 
g l idepa th  begins a t  10 seconds. A t  50 seconds, a pi tchup occurs t o  compensate 
f o r  t he  t u r n  t o  the  center l ine .  
Figures  20 and 21 show the  lateral and v e r t i c a l  pa th  devia t ions  f o r  t h i s  case. 
Lateral guidance i s  heading hold u n t i l  38 seconds, then capture  takes  place.  
Vertical guidance is a l t i t u d e  hold f o r  the  f i r s t  10 seconds, then pi tchover  
occurs. Af t e r  t he  i n i t i a l  t r a n s i e n t ,  the  v e r t i c a l  devia t ion  is less than - + 15 
f e e t .  In Figures  22 and 23 are these  path devia t ions  represented i n  do t s  ( see  
Figures  15 & 16) as a func t ion  of d i s tance  t o  go. Lateral capture  occurs a t  a 
d i s t ance  t o  go of 42,300 f e e t  and v e r t i c a l  capture  occurs a t  48,500 f e e t .  
The e f f e c t s  of crosswinds on t racking  i s  i l l u s t r a t e d  i n  Figures  2 4 ( A )  and 
24(B). Before t h i s  
t i m e ,  both systems show devia t ions  i n  course due t o  t h e  winds. Af te r  capture  
starts, t h e  enhanced ILS look-alike system shows super ior  t racking  performance 
wi th  an order  of magnitude improvement i n  overshoot wi th  crosswinds. 
The t i c  marks on t h e  paths  i n d i c a t e  the  start  of capture.  
EXTENDED RUNWAY CENTERLINE CAPTURES 
Three extended runway c e n t e r l i n e  captures  were simulated. The f i r s t  one uses 
the  same i n i t i a l  condi t ions as the  enhanced ILS look-alike capture  but employs 
15 
70 degrees relative t o  t h e  center l ine .  A t  r o l l  out  po in t  2, t h e  a l t i t u d e  is  
515 f e e t  and t h e  a i r c r a f t  i s  about 1.6 nmi from the  g l idepoin t  i n t e r c e p t  
(GPI). An ILS l o c a l i z e r  capture  would not be poss ib l e  i n  t h i s  s i t u a t i o n  due 
1 
I t o  t h e  narrow beam width. Figure 34 shows t h e  bank angle  h i s t o r y  ( r o l l  out  
l w a s  completed pas t  t h e  70 second t i m e  shown on t h e  graph). Lateral pa th  devi- 
a t i o n  i s  presented i n  Figure 35. Path t r ack ing  w a s  maintained wi th in  - + 1/4 
dot. The v e r t i c a l  pa th  devia t ion  was wi th in  - + 0.2 dot (about 12 f e e t )  during I I 
I v e r t i c a l  capture.  
Specified-Course Capture (Case 5) 
A c e n t e r l i n e  capture  of a d i f f e r e n t  type i s  shown i n  Figure 36, where a 90 
degree angle  i s  t o  be used f o r  i n t e rcep t .  The a i r c r a f t ' s  i n i t i a l  course i s  
almost parallel t o  t h e  runway, but the  course l i n e  does i n t e r s e c t  t h e  center-  
l i n e .  This p a r t i c u l a r  capture  r e s u l t s  i n  e s s e n t i a l l y  a 180 degree t u r n  t o  t h e  
f i n a l  leg. There i s  a very sho r t  s t r a i g h t  segment between the  two tu rns ,  
which r e s u l t s  i n  t h e  bank angle  t i m e  h i s t o r y  i s  shown i n  Figure 37. The 
ground t r ack  f o r  t h i s  p a r t i c u l a r  capture  w a s  s e l ec t ed  t o  match one used i n  the  
MLS crew procedure study (Reference 5). A speed reduct ion i s  programmed dur- 
i n g  t h i s  cap ture ,  and the  a i r c r a f t  configurat ion i s  changed a t  the  same t i m e .  
I n i t i a l l y ,  t he  speed i s  160 knots ,  the  f l a p s  are 15 degrees,  and t h e  gear  i s  
up. A t  a d i s t ance  t o  go of 11 nmi these  parameters are changed t o  140 knots ,  
40 degree f l a p s ,  and gear  down. The ve loc i ty  t i m e  h i s t o r y  i s  shown i n  Figure 
38, and the  pa th  devia t ions  are given i n  F igures  39 and 40. Distances a t  
which the  t u r n s  occur,  t h e  t i m e  of pi tchover ,  and the  conf igura t ion  change are 
noted on these  two f igu res .  Tracking i s  wi th in  - + 1/2 do t ,  except f o r  t h e  ver- 
t i ca l  devia t ion  a t  start of pitchover. 
PATH CAPTURES 
Severa l  cases were simulated t o  i l l u s t r a t e  t h e  performance of t he  capture  al- 
gorithms when an e s t ab l i shed  MLS approach path w a s  in te rcepted .  E f f e c t s  of 
e x t e r n a l  d i s turbances  on these  capture  paths  were inves t iga ted .  Steady winds 
were considered i n  e s t a b l i s h i n g  a nominal bank angle  f o r  def in ing  the  curved 
po r t ion  of t h e  capture.  Cases were s tudied  where t h e  nominal bank angle  had 
t o  be increased t o  allow the  path capture  t o  be made. 
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Case 8 is t he  same as Case 7, except t he  speed is 140 knots  f o r  t h e  e n t i r e  
capture. Figure 48 shows the  15 degree angle  f o r  Case 8. Lateral path devia- 
t i o n  f o r  both cases were wi th in  - + 0.2 dot. Vertical path devia t ion  f o r  Case 7 
w a s  wi th in  - + 0.75 do t ,  and was - + 0.5 dot f o r  Case 8. 
1 
WAYPOINT CAPTURES 
Three point- to-point  cap tures  were evaluated. These captures  use waypoint 
databases t h a t  were defined i n  previous cases. Ins tead  of captur ing  a speci-  
f i c  pa th ,  t he  waypoint captures  are constructed t o  pass  through a designated 
waypoint i n  the  database. 
CaDture wi th  a 15 Degree Nominal Bank Anele (Case 9)  
Three waypoints from Case 7 are used here as t h e  database f o r  this waypoint 
capture.  Figure 49 shows the  capture  path. Two t u r n s  are made, separa ted  by 
a s t r a i g h t  segment. The i n i t i a l  pos i t i on  and speed of t he  a i r c r a f t  r equ i r e  a 
15 degree nominal bank angle  f o r  the  turns.  The a c t u a l  bank time h i s t o r y  is 
shown i n  Figure 50. The speed (Figure 51) changes during the  f i r s t  t u rn ,  so 
t h a t  by 70 seconds the  bank has been reduced t o  about 12 degrees. The second 
s h o r t  t u r n  is a l s o  a t  12  degrees. Both la teral  and v e r t i c a l  pa th  devia t ions  
f o r  Case 9 are about t he  same as the  devia t ions  f o r  t he  path capture  of Case 7. 
Capture with a 10 Degree Nominal Bank Angle (Case 10) 
This capture  uses  the  Case 6 waypoint database,  where i t  is des i red  t o  i n t e r -  
cept  WP5. The a i r c r a f t  is a t  the  same i n i t i a l  p o s i t i o n  as i n  Case 6. This 
waypoint capture  i s  another  way t o  make the  i n t e r c e p t  i n s t e a d  of a pa th  cap- 
t u r e  p r i o r  t o  WP5. The bank angle  t i m e  h i s t o r y  of Figure 53 shows t h e  two 10 
degree tu rns ,  and t h e  t h i r d  tu rn  (not p a r t  of t he  capture  pa th)  t h a t  i s  made 
near  WP4. The rad ius  f o r  t h i s  t u r n  is 6500 f e e t ,  which r e s u l t s  i n  a 15 degree 
bank angle. 
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FIGURE 13. VERTICAL PATH CAPTURES 
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FIGURE 14. FLOW CHART OF PATH CAPTURE ALGORITHM (SHEET 2 OF 3) 
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FIGURE 16. DEFINITION OF VERTICAL PATH DEVIATION 
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FIGURE 18. BANK ANGLE TIME HISTORY FOR ENHANCED ILS LOOK-ALIKE (CASE 1) 
2.0 1 I I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 
Time (Seconds) 
FIGURE 19. PITCH ANGLE TIME HISTORY FOR ENHANCED ILS LOOK-ALIKE (CASE 1) 
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FIGURE 22. LATERAL PATH DEVIATION (DOTS) FOR ENHANCED 
ILS LOOK-ALIKE (CASE 1) 
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FIGURE 23. VERTICAL PATH DEVIATION (DOTS) FOR ENHANCED 
ILS LOOK-ALIKE (CASE 1) 
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FIGURE 25. EXTENDED RUNWAY CENTERLINE CAPTURE FROM PRESENT 
COURSE, LONG FINAL (CASE 2) 
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FIGURE 28. LATERAL PATH DEVIATION FOR CENTERLINE CAPTURE, 
LONG FINAL (CASE 2) 
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FIGURE 29. VERTICAL PATH DEVIATION FOR CENTERLINE CAPTURE, 
LONG FINAL (CASE 2) 
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FIGURE 33. EXTENDED RUNWAY CENTERLINE CAPTURE FROM PRESENT 
COURSE, SHORT FINAL (CASE 4) 
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FIGURE 36. W E N D E D  RUNWAY CENTERLINE CAPTURE FOR SPECIFIED COURSE ANGLE (CASE 5) 
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FIGURE 39. LATERAL PATH DEVIATION (DOTS) FOR CENTERLINE CAPTURE 
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FIGURE 40. VERTICAL PATH DEVIATION (DOTS) FOR CENTERLINE CAPTURE 
FROM SPECIFIED COURSE ANGLE (CASE 5) 
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FIGURE 42. BANK ANGLE TIME HISTORY FOR PATH CAPTURE FROM 
PRESENT COURSE, NO WIND (CASE 6) 
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FIGURE 43. BANK ANGLE TIME HISTORY FOR PATH CAPTURE FROM PRESENT 
COURSE, WITH WIND (CASE 6) 
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FIGURE 45. PATH CAPTURE FROM PRESENT COURSE WITH INCREASED 
BANK ANGLE LIMIT (CASE 7) 
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FIGURE 48. BANK ANGLE TIME HISTORY WITH INCREASED BANK LIMIT, 
CONSTANT SPEED (CASE 8) 
57 
Time (Seconds) 
FIGURE 50. BANK ANGLE TIME HISTORY WITH 15-DEGREE BANK COMMAND LIMIT (CASE 9) 
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FIGURE 51. VELOCITY TIME HISTORY WITH 15-DEGREE BANK 
COMMAND LIMIT (CASE 9) 
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FIGURE 53. BANK ANGLE TIME HISTORY WITH 10-DEGREE BANK COMMAND LIMIT (CASE 10) 
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FIGURE 55. BANK ANGLE TIME HISTORY WITH 15DEGREE BANK COMMAND LIMIT (CASE 11) 
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TABLE A-1. MLS NOISE PARAMETERS (20or 95% PROBABILITY) 
AZIMUTH ELEVATION DME 
PFE = 0.0312 DEG PFE = 0.018 DEG PFE = 100 FT 
( 2 6  FT) (i-0.30  FT) 
CMN = 0.0208 DEG CMN = 0.012 DEG 
(+4 - FT) (H.20 - FT) 
PFE = PATH FOLLOWING ERROR 
CMN = CONTROL MOTION NOISE 
CMN = 60 FT 
RUNWAY LENGTH = 10,000 FT. 
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